The Morbillivirus hemagglutinin (H) protein mediates attachment to the target cell. To evaluate its contribution to canine distemper virus neurovirulence, we exchanged the H proteins of the wild-type strains 5804P and A75 and assessed the pathogenesis of the chimeric viruses in ferrets. Both strains are lethal to ferrets; however, 5804P causes a 2-week disease without neurological signs, whereas A75 is associated with a longer disease course and neurological involvement. We observed that both H proteins supported neuroinvasion and the subsequent development of clinical neurological signs if given enough time, demonstrating that disease duration is the main neurovirulence determinant.
Canine distemper virus (CDV), which infects a broad range of carnivores, is a close relative of the human pathogen measles virus (MV) (5) . In its natural hosts, CDV reproduces all the signs of MV disease, including the characteristic rash, fever, respiratory and gastrointestinal involvement, and immunosuppression (16, 23) . In addition, CDV displays one of the highest incidences of central nervous system (CNS) involvement within the Morbillivirus genus. During or after natural and experimental infections, about 30% of dogs exhibit neurological signs, but lesions are present in many more animals (17, 26) . Ferrets are even more susceptible to CDV than dogs, and the lethality of wild-type strains reaches 100% (16, 23) . When infected with a neurovirulent strain, most ferrets will develop neurological signs that increase with disease progression (4, 13) .
The hemagglutinin (H) protein mediates viral particle attachment to the receptor on the target cell. With up to 10% variability among CDV strains, H is the least-conserved protein, and it determines in vitro tropism (9, 25) . The role of the H protein in pathogenesis was initially investigated in rodent models of MV infection. The majority of mutations that accumulated during virus adaptation to growth in rodent brains map to the H protein (8) , and introduction of these mutations into the parental strain replicated a neurovirulent phenotype (3, 15) .
In ferrets, the wild-type strain 5804P leads to death within 2 weeks due to sepsis and multiorgan failure without neurological signs of disease (21) . In contrast, the disease caused by the A75 strain usually lasts between 3 and 5 weeks, and most animals develop classical distemper-associated neurological signs, including chewing gum seizures and head pressing (13, 17) . To evaluate the contribution of the H protein to these differences in neurological manifestation and disease duration, we exchanged the H genes in the two strains.
Chimeric viruses retain parental growth characteristics in vitro. The H proteins of the two strains (5804P and A75) are 2.8% divergent, consistent with the differences reported for unrelated strains (9, 19) . The residues that vary are evenly distributed (Fig. 1A ) and do not include amino acids interacting with the immune cell receptor SLAM (Fig. 1A , black bars) (20, 22) . To assess the contribution of the H protein to the observed differences in pathogenesis, we produced two chimeric viruses: 5804P with the H gene of A75 (58/HA75) and A75 with the H gene of 5804P (A75/H58) (Fig. 1B) . All viruses in this study express the enhanced green fluorescent protein (eGFP) protein from an additional transcription unit located between the H and polymerase genes. The viruses were recovered as described previously (25) , and they displayed growth characteristics ( Fig. 1C and D) and syncytium phenotypes (data not shown) similar to those of the parental strains in cell culture.
Disease duration determines the extent of CNS infection. The pathogenesis and neurovirulent potential of the chimeric viruses were assessed in ferrets, following protocols approved by the Institutional Animal Care and Use Committee of the INRS-Institut Armand Frappier. Intranasal inoculation with 10 5 50% tissue culture infectious doses (TCID 50 ) of the control parental viruses resulted in disease that was lethal within 2 weeks for virus strain 5804P and persisted for 3 to 6 weeks for virus strain A75 ( Fig. 2A) . Disease duration and clinical course correlated with the strain providing the genome backbone rather than the source of the H protein ( Fig. 2A) . One A75/ H58-infected ferret experienced only a weak and short-lived viremia and survived the infection without developing any disease signs, which might have been due to residual maternal antibodies below detection levels. Immunological and virological parameters were assessed as described previously (24) . The levels of cell-associated viremia and leukopenia caused by the different viruses were similar ( Fig. 2B and C ), but inhibition of lymphocyte proliferation upon phytohemagglutinin stimulation was less pronounced in A75-infected animals and significantly reduced in those inoculated with A75/H58 (Fig. 2D) .
The A75 H protein facilitates neuroinvasion. We have shown that the olfactory bulb is the first site of macroscopically detectable infection in the CNS (13) . We thus compared the extent of eGFP expression in the olfactory bulbs of animals infected with the parental and chimeric viruses. No eGFP expression was observed at 2 weeks in animals infected with 5804P or viruses of A75 genomic origin (Fig. 3A) . However, the presence of the A75 H protein resulted in clearly detectable eGFP expression in five out of the six animals infected (Fig. 3A , 58/HA75). No H-protein-mediated differences in infection levels were noted at the time of death for A75 viruses (Fig. 3B , compare top and bottom panels).
Histological analysis of sagittal olfactory bulb cryosections revealed few infected foci for virus strain 5804P (Fig. 3C) , indicating that the macroscopically observed difference was quantitative rather than qualitative. A large number of infected olfactory glomeruli were detected in sections of 58/ HA75-infected animals, confirming the macroscopically observed extent of infection (Fig. 3C) . Consistent with our macroscopic results, the level of infection in olfactory bulbs from A75-and A75/H58-inoculated animals was similar (Fig.  3C , compare top and bottom right panels). In contrast, when comparing the infection in the choroid plexus, which is an important site of hematogenous neuroinvasion, we found similar amounts of infected cells in sections from animals sacrificed at similar time points (Fig. 3D , compare top and bottom panels).
We then compared the macroscopic distribution of eGFP expression throughout the brains of animals infected with A75 or A75/H58. The infection was predominantly concentrated in the olfactory bulb, the rostral region of the frontal lobe, and the brain stem, regardless of the H protein present (data not shown). Confocal microscopy analysis of cryosections stained with the respective cellular markers revealed that most of the infected cells in the macroscopically identified regions were either neurons ( Fig. 4A and C) or glial cells (Fig. 4B and D) , as described previously for A75 (13) .
Despite their differences in clinical neurological presentation, all strains established a microscopically detectable infec- tion in the choroid plexus and the olfactory bulb and are thus neuroinvasive. Furthermore, introduction of the 5804P H protein into the A75 background resulted in disease duration and neurovirulence similar to those of the parental A75 strain, demonstrating that the 5804P H protein is able to mediate CNS invasion if given sufficient time. The lack of neurological signs in 5804P-infected animals might therefore be due to its rapid disease progression in other organs, rather than the virus' inability to infect CNS cells. The similar levels of cell-associated viremia and leukopenia indicate that it is a qualitative rather than quantitative difference determining disease duration. These findings, in combination with the observed variation in lymphocyte proliferation inhibition, point towards a difference in immunosuppression as the underlying cause. In vitro studies and experiments in rodent models have shown that contact between the H protein and immune cells is essential to induce proliferation inhibition (11, 14) . Our chimeric viruses, in which H proteins were exchanged between two lethal strains, provide the first evidence that viral proteins other than H modulate the severity of this inhibition, thereby influencing disease duration and ultimately outcome.
The CDV H protein determines viral tropism and thus the potential target cells and tissues within the infected organism (3, 7, 20) . We have observed the A75 H protein facilitates neuroinvasion in the 5804P genomic context without altering disease duration. This is consistent with the observation that the transfer of the H protein originating from a rodent brainadapted MV strain into the vaccine virus conferred neuroin- on October 15, 2017 by guest http://jvi.asm.org/ vasive properties but failed to reproduce the extent of CNS dissemination seen with the parental strain (3, 15) . Taken together, these findings indicate that H proteins from neurovirulent strains are more efficient at mediating neuron infection, probably due to an increased affinity for the yet to be identified receptor on these cells. Ferrets infected with wild-type CDV are unable to mount an effective antiviral immune response (18) and thus provide us with a unique insight into the full spectrum of Morbillivirus disease. Inoculation with the highly virulent strain 5804P results in rapidly progressing disease characterized by the complete loss of immune system function, impaired mucosal membrane integrity, and death, similar to rinderpest virus in cattle (1, 2) . The course of A75 represents an intermediate scenario where, despite widespread infection of immune and epithelial tissues, residual immune function seems to be maintained, resulting in prolonged survival and CNS invasion, consistent with the course of MV in severely immunodeficient individuals (10, 12) . Finally, sublethal viruses, which mirror the course and signs of an uncomplicated MV infection in humans (5), do not cause CNS involvement, and the immune system is able to overcome its infection-induced suppression sufficiently to control and eliminate the virus (21) . This dynamic interplay between the virus and the host's immune system, and the resulting differences in the duration of the infection observed in our CDV model, might also explain the variety of CNS diseases associated with MV.
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